The 70S ribosome and its complement of factors required for initiation of translation in E. coli were purified separately and reassembled in vitro with GDPNP, producing a stable initiation complex (IC) stalled after 70S assembly. We have obtained a cryo-EM reconstruction of the IC showing IF2•GDPNP at the intersubunit cleft of the 70S ribosome. IF2•GDPNP contacts the 30S and 50S subunits as well as fMet-tRNA fMet . IF2 here adopts a conformation radically different from that seen in the recent crystal structure of IF2. The C-terminal domain of IF2 binds to the singlestranded portion of fMet-tRNA fMet , thereby forcing the tRNA into a novel orientation at the P site. The GTP binding domain of IF2 binds to the GTPase-associated center of the 50S subunit in a manner similar to EF-G and EF-Tu. Additionally, we present evidence for the localization of IF1, IF3, one C-terminal domain of L7/L12, and the N-terminal domain of IF2 in the initiation complex.
Introduction
Initiation of protein synthesis in eubacteria, during which the 50S and 30S ribosomal subunits are joined to form an elongation-competent 70S ribosome, requires a 30S preinitiation complex. In this preinitiation complex, the 30S subunit of the ribosome is associated with mRNA, initiator fMet-tRNA fMet , and initiation factors 1 (IF1), 2 (IF2), and 3 (IF3) (Lockwood et al., 1971 ; Gualerzi and Pon, 1990 ). IF1 and IF2 have homologs in most organisms (Gualerzi and Pon, 1990; Lee et al., 1999) , while IF3 lacks a eukaryotic homolog.
The Shine-Dalgarno sequence of mRNA, upstream of the AUG start codon, binds specifically to the 3#-terminal sequence of the 16S rRNA (Shine and Dalgarno, 1974) . In this way, the mRNA becomes anchored to the *Correspondence: joachim@wadsworth.org reagents tethered to cysteines in IF2 from Bacillus stearothermophilus, demonstrated cleavages at specific sites on 16S and 23S rRNA from Escherichia coli. This information, in combination with the above-mentioned results, was used to model how IF2 binds to the 70S ribosome (Marzi et al., 2003) .
We have formed a stable intermediate in the initiation pathway by substituting the nonhydrolyzable GTP analog GDPNP for GTP in our highly active in vitro system for protein synthesis (Zavialov et al., 2001 ). This ribo- Our cryo-EM map of this stable intermediate shows IF2 in the intersubunit space, in contact with the 50S subunit, the 30S subunit, and initiator tRNA. The crystal structures of the GTP form of IF2 (PDB code 1G7T) and yeast tRNA Phe (PDB code 1EHZ), when fitted into the difference volume (i.e., IC − PIC), reveal the mutual interactions of these ligands and their contacts with the ribosome. However, our cryo-EM structure of IF2 within the 70S complex differs significantly from the crystal structure of free IF2 in its GTP form; cryo-EM in concert with X-ray crystallography can supply a more complete view of the relation between the structure and function of IF2 during initiation of protein synthesis. One of the conformational changes in IF2 that we posit, based on comparison of the X-ray structure to our cryo-EM model, is a movement of helix H8 in domain II, which packs against the remainder of domain II and links it to domain III in the X-ray structure; movement of helix H8 is necessary and sufficient to fill a portion of the difference density map connecting the previously fitted domains II and III. At the C-terminal end of the reoriented helix H8 is a globular density in our map that we identify as IF1 for two reasons. 
Results

Reconstruction of the IC Volume
30S Subunit Rotation
In Figure 6 we compare the 30S subunits from the IC and PIC density maps. When the two maps are superimposed so as to produce maximal crosscorrelation, their 50S subunit regions are virtually indistinguishable (not shown), with the exception of the head of the L1 stalk, while the 30S subunit portions of the 50S-aligned maps differ significantly. The difference map shows a mass between the head of the L1 stalk and the fMettRNA (effectively occluding the E site) that may be partially due to motion of the stalk head but probably indicates the presence of another factor, the possible identity of which is discussed below. Evidently, the 30S subunit of the IC undergoes a general counterclockwise rotation (by w4°) with respect to the 30S subunit of the PIC. The rotation is reminiscent of the conformational changes ("ratcheting") that were observed when EF-G•GDPNP was bound to the release complex in the presence of puromycin (Valle et al., 2003b) , as well as changes seen earlier that were related to EF-G-mediated translocation (Frank and Agrawal, 2000).
Novel Hybrid P Site
Our placement of the C-terminal domain of IF2 in the IC volume sterically precludes classical P site binding of initiator tRNA (data not shown). To better compare the positions of the P site and P/E site tRNAs with the IC tRNA, we superimposed models of the three tRNAs on the basis of maximization of the correlation coefficient between the 30S portions of the relevant density maps (see Experimental Procedures); we found that the anticodon loops of all three maps superimpose. Remarkably, the IF2-fMet-tRNA fMet interaction in the IC map exposes a novel site for initiator tRNA, intermediate between the classical P site and the P/E site, which we name the P/I site (i.e., P site on the 30S subunit, new position "I" on the 50S subunit) (Figure 7) . Upon hydrolysis of GTP in the IC and subsequent dissociation of the bound initiation factors, the PIC is formed, with a classical P site fMet-tRNA fMet . Clearly, then, the P/I site tRNA must move relative to the 30S subunit following hydrolysis of GTP. The motion required is a simple rotation in the plane of the tRNA by 20°about the anticodon loop; such a motion thereby translates the acyl moiety through a distance of 28 Å ( Figure 7B ).
Identification of Additional Factors and Domains
The ligand mass also reveals several regions of density not accounted for by the placement of IF2 and fMettRNA fMet (Figure 2) . One region of the density map for which the interpretation seems obvious lies near the G domain and domain II. This density extends across the surface of the 30S subunit toward the shoulder (sh) and interacts with 16S bases 37-38, 413-420, and 497-498. We assign this density to the N-terminal domain of E. coli βIF2, which does not exist in IF2 from M. thermoautotrophicum and therefore is absent from its crystal structure Another density region of unknown identity exists between the GAC and the G domain of IF2. Of course, our model includes L11 and other portions of the 50S subunit adjacent to the density in question, but these do not account for the unknown density. However, L7/ L12 has been crosslinked to IF2 (Heimark et al., 1976) , and the C-terminal domain (CTD) of L7/L12 has been strongly crosslinked to L11 (Dey et al., 1998) . Furthermore, a cryo-EM structure of a 70S ribosome containing nanogold-labeled L7/L12 proteins showed the CTD to be next to L11 (Montesano-Roditis et al., 2001) . Therefore, we suggest that the density in question is the CTD of L7/L12. Indeed, the recent NMR structure Even when these tentative assignments have been made, a region of difference density remains unidentified-specifically, density on the side of the initiator tRNA distal to IF2 (Figure 2 ). Due to its proximity to the E site, we attempted to fit a tRNA to this unassigned density, but without success. However, we noticed that the difference density is strikingly similar in position and shape to a recent model of IF3 bound to the 30S subunit (Dallas and Noller, 2001), and we have therefore tentatively fitted this region of density with the atomic structures of IF3 ( Figure S3 ).
Discussion
We successfully reconstituted the E. coli 70S initiation complex, stalled by GDPNP, using separately purified factors and ribosomes. Translation assays performed in parallel with complex assembly and using components from the same lots of purified factors and ribosomes gave high activity (data not shown). Therefore, we are confident that the cryo-EM structure of the stalled E. coli 70S initiation complex that we report here represents the true solution structure of the complex. As expected, IF2 and fMet-tRNA fMet were located in the intersubunit space. Owing to the interaction with IF2, fMet-tRNA fMet is forced into a novel hybrid P site on the 30S subunit.
We have also located the N-terminal domain of E. coli IF2 in the long "thumb" of density extending across the surface of the 30S subunit in our map of the IC.
We also found that IF2 buries 2600 Å 2 of the 50S subunit's surface area. Burial of surfaces of comparable size commonly occurs at dimerization interfaces; indeed, IF2's role as the catalyst of 50S subunit association is analogous to that of a partner in dimerization. in blue) ; the central protuberance (CP) is the chief structure here. Canonical P site (purple); P/E hybrid site (green); P/I site discovered in this work (red); h, head; sp, spur; L1, L1 stalk; GAC, GTPase center. (B) Close-up of the P site tRNA variants. In going from the P site to the P/I site, the initiator tRNA rotates by w20°about an axis through the anticodon, normal to the plane of the page; its acyl moiety moves by about 28 Å. By comparison, the P-to-P/E transition involves a rotation of w35°about the long axis of the tRNA, as well as a rotation of w35°about an axis through the anticodon, normal to the plane of the page; in this case, the acyl moiety moves by about 68 Å.
In the absence of a structure for the 30S preinitiation complex, it is not known whether the conformations of IF2 and fMet-tRNA fMet change upon association of the 50S subunit followed by 70S formation. It is clear, however, that GTP hydrolysis on IF2 in the 70S IC must result in a structural rearrangement of the ribosome to allow for fMet-tRNA fMet movement into the classic P/P site. Since IF2 recognizes structural elements of the initiator tRNA, it could provide an accuracy step in initiation, ensuring that the IC is formed with only initiator tRNA (Huang et al., 1997; Shin et al., 2002) . If all noninitiator tRNAs bind to IF2, albeit at a much lower affinity than does the initiator tRNA (Mayer et al., 2003) , and if any tRNA can occupy the P site, a means for excluding noninitiator tRNAs must exist. We suggest that a higher standard free energy exists for any tRNA at the P/I site than for that tRNA at the P site; this increase in standard free energy raises the energy barrier too high for elongator tRNAs, which would already be destabilized by the noncognate interaction with the AUG start codon. Accordingly, P/I site binding and formation of the 70S IC could be strongly inhibited for elongator tRNAs but could be allowed for fMet-tRNA fMet . Thus, the IC with IF2 in the GTP form may provide a checkpoint at which initiation can be aborted when the cognate initiator tRNA has been substituted by an elongator tRNA. Abortion may be effected either by redissociation of ribosomal subunits or else by dissociation of the elongator tRNA from the IC, followed by recycling of the 70S ribosome (minus tRNA) by the action of the RRF and EF-G (Karimi et al., 1999) .
It is clear from the results of our placement of the G domain of IF2, using the motif search on the IC volume, that the G domains of EF-Tu, EF-G, and IF2 all occupy the same site on the ribosome, in roughly equivalent orientations (Figure 3) . Furthermore, although these G domains have significant differences in both sequence and structure, the number of features that they have in common is striking (Roll-Mecak et al., 2000) . These observations suggest that there exists a general mechanism by which the ribosome effects GTP hydrolysis on these factors. However general this mechanism might be for the ribosome, it probably does not conform to the canonical GTPase mechanism, which normally involves intrusion of activity partners into the GTP binding pocket so as to provide a conserved side chain, such as lysine or arginine, that is directly involved in hydrolysis (Vetter and Wittinghofer, 2001 ). Yet, in the case of the ribosome-factor interactions noted above, there are no ribosomal protein residues proximal to the binding site of the factors. The factor's P loop, which is the site of GTP binding, could only interact with the sarcin-ricin loop ( We have previously shown that ribosome-dependent GTP hydrolysis on ribosome release factor RF3 and EF-G requires a deacylated tRNA in the P site (Zavialov and Ehrenberg, 2003) , allowing for the tRNA's movement into a hybrid P/E site (Valle et al., 2003b) . When a noninitiator tRNA occupies the P site, the same is true for IF2; i.e., there is strong GTP hydrolysis when the tRNA is deacylated, but not otherwise. In contrast, when the P site is occupied by fMet-tRNA fMet , there is strong idling GTPase activity by IF2 (Zavialov and Ehrenberg, 2003). The explanation for this behavior, we suggest, is that GTP hydrolysis on RF3, EF-G, and IF2 requires that, in each case, the CCA end of the P site tRNA move toward the E site. When the P site tRNA lacks peptide, this is easily achieved through hybrid P/E site binding of the tRNA. When the P site tRNA has a peptide, movement of the tRNA's CCA end toward the E site is effectively prevented by a high standard freeenergy barrier so that the GTPase activity of all three factors is inhibited. It is only when the P site tRNA is fMet-tRNA fMet that IF2 in the GTP form, with its strong affinities for both the initiator tRNA and the 50S subunit, can drive the ribosome into the intermediate IC, in which hydrolysis of IF2 is induced. This interpretation lends strong support to the above-suggested accuracy function of the IC: if an aminoacyl tRNA rather than an initiator tRNA is present in the preinitiation complex, then the IC cannot be formed, and initiation will be aborted.
Finally, we propose that IF3 is present in the IC. However, the authors who initially proposed the manner in which IF3 binds to the 30S subunit point out that their model predicts a clash between the C-terminal domain of IF3 and helix 69 of the 50S subunit (Dallas and Noller, 2001). We note that helix 69 is visible in both the IC map and the PIC map. When the two density maps are aligned so as to maximize the crosscorrelation, both helices 69 overlay precisely-that is, helix 69 does not move at all. Also, in the PIC map, helix 69 contacts fMet-tRNA, which is in the P site, but in the IC map, fMet-tRNA has been pushed out of the P site by IF2, thus making space between helix 69 and fMet. The space created between helix 69 and fMet also corresponds to a mass of density in the difference map (Figure S3) 
Cryo-EM and Image Processing
Thin carbon was floated onto Quantifoil grids (Quantifoil Micro Tools GMBH, Jena, Germany). A 5 µl aliquot was placed on each grid. The grids were then blotted, plunge frozen in liquid ethane, and stored in liquid nitrogen until data collection. Data were collected on a Tecnai F20 (FEI Company, Hillsboro, Oregon) at 200 kV and a magnification of 50,000 (±2%), under low-dose conditions. Micrographs were scanned at 14 m resolution, giving 2.82 Å per pixel. One hundred and fourteen micrographs were each assigned to one of 21 defocus groups ranging from 0.93 to 3.93 m underfocus. Particles (55,270) could easily be identified on the micrographs as 70S ribosomes. Each of the 70S particle images was initially aligned by crosscorrelation to 83 equispaced projections of a 3D reference, here the PIC, yielding the particle orientation as a set of Eulerian angles. The aligned particle images were backprojected to yield a 3D reconstruction of the IC. Alignment and orientation parameters of the particles were iteratively refined with decreasing angular increments using standard methods. The SPIDER/WEB suite of programs (Frank et al., 1996) was used for all image processing. The resolution was estimated by a Fourier shell correlation cutoff of 0.5 to be 11.6 Å.
At this point it was clear that a significant number of the particles were 70S ribosomes from which one or more of the factors had dissociated. A method of supervised classification, also implemented in SPIDER, was used to separate images according to ligand occupancy. In this method, each image is compared with two reference density maps, here the PIC and an EF-G bound 70S ribosome (Valle et al., 2003b) , and is then assigned to one of two classes, depending on the size of its crosscorrelation coefficient with respect to the two references (Gao et al., 2004) . Figure S1 shows a histogram plot of the difference between the crosscorrelation values of each image with respect to both references; the class of images having a larger crosscorrelation coefficient with respect to the EF-G bound ribosome (particles plotted to left of zero, i.e., ligand bound form) was then used to reconstruct the IC volume. The initial image set contained 55,270 particles, which supervised classification pared to 20,283 particles for the IC volume. Following supervised classification, the resolution was estimated by a Fourier shell correlation cutoff of 0.5 to be 13.8 Å and by the 3σ criterion to be 8.6 Å. ., 2003) . Domain III could only be fitted by eye since no constraints were available and since the apparent conformation would necessitate large movements from the crystal-structure form. However, helix 12 was easily recognizable in the final refined density map. As helix 12 connects domain III with domain IV, a domain which is globular and interacts with fMet-tRNA fMet , we found it straightforward to fit domain IV and the initiator tRNA. To improve the fit to the IC map, the hand-fitted models of IF2 and fMet-tRNA fMet were subjected to rigid-body refinement using a real-space refinement program (RSRef, Gao et al., 2003). To calculate the surface area buried by IF2, the software suite CNS was applied using a 1.4 Å probe radius (Brunger et al., 1998).
Docking and
We fitted the IF1 model by overlaying the IF1:30S crystal-structure model (Carter et al., 2001 ) on the 30S subunit coordinates obtained by RSRef applied to the IC map; the resulting IF1 model nicely filled the extra EM density found at the end of helix 8 of our model of IF2. Note that the domain numbering (i.e., G-IV) follows the crystal-structure convention (Roll-Mecak et al., 2000) , whereas the residue numbering adheres to the βIF2 sequence (i.e., the first residue of the crystal structure is residue 224 of βIF2).
The P site tRNAs were superimposed on the basis of the translational shifts that maximized the crosscorrelation of the respective 30S subunits with which they were associated. In order to superimpose the three fMet-tRNAs, as in 
